Bicarbonate uptake by isolated chloroplast envelope membranes and intact chloroplasts of spinach (Spinacia oleracea L. var. Viroflay) in darkness exhibited a similar dependency upon temperature, pH, time, and concentrations of isolated or attached envelope membranes. This similarity in uptake properties demonstrates the usefulness of the envelope membranes for the study of chloroplast permeability. Maximal rates for dark HCO3-uptake by isolated envelope membranes and intact chloroplasts were more than sufficient to account for the maximal rates of photosynthetic C02 fixation observed with intact chloroplasts. The active species involved in the uptake process was found to be HCO3-and not C02. The significance of HCOs-uptake and its relationship to carbonic anhydrase and ribulose diphosphate carboxylase is discussed. Conditions for maximal HCO3-uptake in darkness by intact chloroplasts were found to be similar to those required for maximal photosynthetic C02 fixation, suggesting that HCO3-uptake by the envelope membrane may regulate photosynthetic C02 fixation.
isolated spinach chloroplast envelope membranes with intact chloroplasts, and shows that permeability studies of physiological significance can be conducted with isolated envelope membranes.
MATERIALS AND METHODS
Plant Material. Spinach (Spinacia oleracea L. var. Viroflay, Asgrow Seed Co.) was grown outdoors in sand trays to which nutrient solution was added weekly. Some spinach was grown in the greenhouse in a similar manner.
Chloroplasts. Intact chloroplasts were prepared from 10 g of freshly harvested leaves (plants 4-6 weeks old) and assayed for their photosynthetic CO2 fixation rates by procedures already described (12, 19) . The rates varied from 75 to 100 ,umoles CO2 mg Chl-' hr-1.
Chloroplast Envelope Membranes. Intact chloroplasts were prepared from 80 g of leaves as above and the envelope membranes were removed by osmotic shock (21) . Envelope membranes were separated from the bulk of the chloroplasts by homogenization and centrifugation (2,000g ) and purified on a discontinuous sucrose gradient at 55,000g (Ray). The details of this isolation are published elsewhere (21) . At this step the original method was modified in the following manner. After removal of the envelope membrane fraction (about 5 ml) from the discontinuous sucrose gradient, each fraction was diluted 5-fold with 0.33 M sorbitol in Tricine buffer (pH 7.6, 50 mM) instead of HEPES buffer. The diluted fractions were centrifuged as before (21) , the four pellets were combined into two samples, and each was washed by suspension and centrifugation in 25 ml of the same Tricine buffer-0.33 M sorbitol. The washing by centrifugation was carried out at 4 C for 45 min at 35,000g (Rav). Afterward the two pellets were taken up in approximately 1 ml of Tricine buffer-0.33 M sorbitol. The preparations were stored frozen overnight and always used immediately upon being thawed.
Protein and Chlorophyll. The procedure of Lowry et al. (15) was used to determine protein, and Chl was measured by the method of Bruinsma (3) .
Integrity of Chloroplast Envelope Membranes. Chloroplast envelope membranes were subjected to various concentrations of sorbitol (0.16 M to 0.70 M) in Tricine buffer (pH 7.6, 50 mM) addition in turn of Tricine buffer, sorbitol, and distilled water. The reaction mixture was allowed to equilibrate in the bath for 30 sec, whereupon the uptake of HCO-was initiated, at zero time, by the addition of SC-bicarbonate solution (usually 100 Fl of 50 mm H"CO8-containing 2 x 1Of cpm) followed by vigorous hand mixing. The final reaction volume was 0.50 ml and contained 50 mm Tricine buffer, 0.33 M sorbitol, and usually 10 mm HCO3-. Permeability experiments were terminated by quickly removing the sample with a 1-ml syringe and forcing it through a Millipore filter (25 mm, GS 0.22 pm). A micro-syringe filter holder, directly attachable to the syringe, housed the filter. Completion of filtration constituted the end time. The filter was washed by syringe injection of 10.0 ml of Tricine buffer-0.33 M sorbitol at 4 C. Air was then forced through the filter by means of the syringe to remove any remaining liquid. The washing and forcing of air was completed in about 15 sec. The filter was removed, blotted between paper towels, and radioactivity was determined with a scintillation counter. Loss in counting efficiency caused by the Millipore filter was compensated for by a correction factor determined with known '4C-bicarbonate standards. Assistance during the experiment was necessary.
Uptake of Bicarbonate by Intact Chloroplasts. Intact chloroplasts were suspended in 0.33 M sorbitol in Tricine buffer (50 mM). Samples were treated as described above for the envelope membranes. The total radioactivity was corrected for quenching by using the external standards ratio method, and the filter correction factor (see above for envelope membranes). Bicarbonate uptake experiments were conducted in virtual darkness with respect to photosynthesis (about 4 ft-c).
Uptake Controls. When chloroplast envelope membranes were stored at 4 C, HCO3-uptake decreased rapidly, so that after 3 hr it was negligible. This property of cold lability was advantageous for preparing inactivated control samples; envelope membranes remaining after each experiment were stored at 4 C for at least 3 hr and used as the controls for the HCO3-uptake experiments. Subsequently it was found that functional envelope membranes failed to take up HCO3-when water was substituted for the sorbitol solution normally present. These preparations could also serve as controls. Control values for HCO3-uptake obtained with either method were similar.
Intact chloroplasts, when suspended in Tricine buffer alone, lose their envelope membranes and serve as inactivated control preparations for uptake experiments with intact chloroplasts.
Active Species of CO.. The procedure of Cooper et al. (4, 5) was followed to determine the active species of CO2, HCO8-or CO2, involved in uptake by the envelope membranes. The procedure is based on the fact that the attainment of equilibrium between HCO,-and CO2 requires longer than 1 min at 10 C, thus the initial uptake of the active '4C-labeled species will be more rapid. The reaction was initiated either by the addition of equal concentrations of H1'CO3-and CO2 or 14CO2 and HCO,-at 10 C, and reactions were terminated at 10-sec intervals up to 1 min.
RESULTS
If the isolated envelope membranes exist as intact vesicles, they should behave as osmometers when the osmolarity of the solution is varied. A linear decrease in absorbance was observed when the sorbitol concentration was increased from 0.16 to 0.70 M (Table I) . Electron micrographs taken previously (21) in this laboratory support the view that the envelope membranes exist as intact vesicles.
Preliminary studies on the uptake of HC03-by isolated mem- branes showed that the presence of HEPES buffer decreased Experiments on the permeability of membrane vesicles, bound by two membranes, require some caution in interpreting whether or not HCOj-has actually been trapped in the inner compartment. Since the outer of the two chloroplast envelope membranes is nonspecifically permeable to solutes (9) , the inner membrane of the envelope membrane actually regulates permeability. One would like to measure the HCOS-uptake at this inner barrier, or what has been trapped in the compartment bounded by the inner membrane. A problem arises because some bicarbonate is also trapped in the compartment between the inner and outer membranes. Therefore, the washing procedure must completely remove the intramembranous HCO3-, but hopefully not the HCO0-inside the vesicle. If elution with Tricine-sorbitol solution is carried out at a constant rate (volume/time) and the total radioactivity released is determined, the volume of wash fluid necessary to remove only the intramembranous HCO:-is obtained by plotting the log of total radioactivity against time (11) . From a curve of this type, which yields two slopes corresponding to the rapid elution from the intramembranous compartment and the slow elution from the innermost compartment, one can determine (from the point of change in slope) the volume at which the innermost compartment starts to be eluted. This point occurred at approximately 6 ml for both membranes and chloroplasts in my experiments, so that the 10-ml wash employed here was a conservative choice that underestimates the actual radioactivity trapped by the inner membranes of isolated chloroplast envelope membranes and intact chloroplasts. Fig. 1 , bottom) were similar (30 C was chosen for subsequent experiments). A similarity in optimal pH for HCOuptake by isolated envelope membranes (Fig. 2 , top) and intact chloroplasts (Fig. 2, bottom) was also observed at about pH 7.6. The apparent optimum at pH 8.6 with the membranestripped chloroplasts was reproducible. Whether it results from HCO3-binding or enhanced trapping by the membrane-stripped chloroplasts is unknown. Maximal HCO.-uptake was observed after 10 sec for both isolated envelope membranes and intact chloroplasts (Fig. 3 , left and right, respectively). The rate of bicarbonate uptake appeared linear with HCO3-concentrations up to 25 mm, as high as was tested for intact chloroplasts (Fig.   4 , bottom), but not with isolated envelope membranes, where 10 mm appeared to give maximal rates (Fig. 4, top) . The optimal protein concentration for HCO3-uptake by isolated envelope membranes was about 3 pg. For intact chloroplasts the rate reached a maximum when the chlorophyll concentration was 30 ,ug (Fig. 5, top and bottom) .
The ability of the isolated envelope membranes and intact chloroplasts to maintain HCO,-uptake when held at 4 C decreased similarly with time (Fig. 6, top and bottom) . A slower decrease was also observed with prolonged freezing. Attempts to prevent this deterioration were not successful. Since the ability of chloroplast preparations to fix CO, photosynthetically also decreases with time (12), the necessity for rapid handling is not a new problem. Because overnight freezing did not cause any noticeable deterioration (Fig. 6, top within 1 hr or less with fresh chloroplasts and with isolated chloroplast membranes. Conceivably membrane deterioration could result from various combinations of the following reasons: structural alteration or leakage induced by freezing, oxidation of polyunsaturated lipids, or cold lability of membrane components, such as ATPase (14) . Deterioration did not pose a problem under the standard conditions described above.
The determination of optimal pH for HCO,-uptake in the presence of unsaturating concentrations of HCO3-(as opposed to saturating HCO3-concentrations in Fig. 2 ) is shown in Figure 7 . With both isolated envelope membranes (top) and intact chloroplasts (bottom), HCO3-uptake was favored by acid pH, suggesting CO2 was the active species of uptake. However, in Figure 8 the active species involved in HCO:-uptake is shown by a more definitive method to be HCO,-, not free CO2, for both isolated envelope membranes (top) and chloroplasts (bottom). In both preparations H"CO3-uptake was more rapid at every sampling time than was "CO2 uptake at equal concentrations.
Bicarbonate uptake, and not fixation by the photosynthetic figure) ; (: fresh intact chloroplasts (lower figure) . A final volume of 0.5 ml at 30 C contained 50 mm Tricine (pH 7.6), 0.33 M sorbitol, 10 mm HC03-, and 3 0,ug of membrane protein or 9.0 jg of Chl. Experiments were terminated after 10 sec. be a decrease after the optimal concentrati( reached, as opposed to a leveling off with in (Fig. 5, bottom) . This undoubtedly results fr such as occurs with proteins after a critical reached. This would present a decreasing s HCO-uptake, thus causing a decrease in rates It appears that the only difference between t] of envelope membranes and chloroplasts for take was observed upon varying the external HCO,- (Fig. 4) Such similarities in conditions for HCOj-uptake between * intact chloroplasts suggest that the envelope membrane permeability was not altered upon removal from the chloroplast. Accordingly, envelope membranes could provide a simple tool for the study of chloroplast permeability, without possible complications produced by the internal contents of chloroplasts.
Under optimal and saturating conditions (Fig. 6) Figure 8 it is shown that the active species is HCO,-. Since the experiment was he characteristics carried out for less than 1 min at 10 C with isolated envelope dark HCO0-up-membranes free from carbonic anhydrase (21) (as is the case concentration of with chloroplasts so long as they are intact), we can be confiaar up to an ex-dent that equilibrium between the equal concentrations of tact chloroplasts, HCO:-and CO2 was not reached under the experimental conind with isolated ditions (4). The requirement of low temperatures leads to low m a difference of rates of uptake (compare Fig. 8 and Fig. 6 ). The curves obPlant Physiol. Vol. 54, 1974 tained (Fig. 8) (Fig. 8) .
The transfer of HC03-across the membrane fits nicely with a possible role of carbonic anhydrase during photosynthesis (24) . Since HCO,-is more soluble than CO2, it is an advantage to store this form in the chloroplast. The function of chloroplast carbonic anhydrase would then be to convert this HC03-pool into C02, the active species for fixation by ribulose diphosphate carboxylase (25). Such a role is feasible, based on my earlier work which shows carbonic anhydrase is located in the stroma and not the envelope membrane of chloroplasts; hence it is in proximity to ribulose diphosphate carboxylase (20) . My calculations (20) also showed that the activity of carbonic anhydrase was at least100-fold more than needed to account for the CO2 fixation rates of spinach chloroplasts.
Whether HCO3-crosses the membrane together with a cation, is transported by a carrier protein, or depends on a proton gradient awaits further experimentation. Simultaneous uptake ofK+ and HCO.-has been shown to occur in leaf slices, and HC03-enhanced the activity of a Mg2+-dependent ATPase present in the chloroplast suggesting some interaction, and evidence exists for a proton gradient across the envelope membrane, which might provide the driving force for HCO.-uptake.
No research on the passage of HCO3-across the isolated envelope membrane has previously been reported. However, Werdan and Heldt (23) have described some studies on HCO:,-accumulation in intact chloroplasts. Uptake was measured by silicone layer filtering centrifugation, as opposed to Millipore filtration used in the present method. My results with intact chloroplasts were determined at 30 C with uptake rates of 400 ,umoles HC0O-uptake mg ChP' hr-t in darkness and photosynthetic fixation rates of 75 to 100 ,umolesCO2 mg Chl-P hr-'. In comparison, Werdan and Heldt (23) (23) believe this indicates that CO, is the active species for uptake across the envelope membrane, while HCO,-is suggested by the present paper (Fig. 8) . Results based on pH alone can be misleading because membrane charges, membrane conformation, and enzyme activities can also be altered by pH. The comparison of uptake by H'C0C3-with CO, and "4CO, with HCO,-is a more definitive method for determining the active species.
In closing, the usefulness of the isolated envelope membrane for the determination of chloroplast uptake properties is clearly demonstrated and may supply the knowledge whereby the alteration of the over-all photosynthetic process could be achieved by genetic manipulation of the envelope membrane.
